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© Process and sensor for measuring the glucose content of glucosecontaining fluids. 

fjZ^Zl T Tr Ur ? 9 ' UC0Se C ° ntent °' 9>«cose-containing liquid media, in particular, for .he in 
ZnKr h T J" 9UC ° Sa C ° n,ent °' b, °° d - is based on ,h8 P rinci P' e °' a catalytic reaction in 

Z^T C0 ^ ^ aSe "V"" IT °' W ° rk,n9 e,9Ctr0d9 (5> ° f a " etect —hemicarsensor. Since 
oxygen s consumed .n the reacfon of glucose, but in the medium to be measured the oxygen partial pressure 

the IT ? • h 5 T^ 9 S '' 9na,> ' S t0 ° ,0W ' PartiCU,ar - «"*» ~ bic ~emen. cond tons' 
the .nvenbon prov.des for the use of a pulsed polarization voltage between a higher level (A) at which excess 
oxygen ,s produced, and thus a decreasing oxygen partial pressure is compensated for. and a lowe operaZ 
voltage level (B). at which only the catalytic glucose reaction in glucose oxidase takes place to Z hy Zoel 
superox.de. wh.ch is oxidued at the working electrode. The current flowing thereby is sensed in me phase 0 tow 
operatmg voltage level (B) and evaluated as a measure of glucose concentration. 
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PROCESS AND SENSOR FOR MEASURING THE GLUCOSE CONTENT OF GLUCOSE-CONTAINING FLUIDS 



The invention relates to a process and a sensor of very small dimensions for measuring the glucose 
content of glucose-containing liquid media, in particular for the in vivo measurement of the glucose content 
of blood under anaerobic conditions, based on the principle of a catalytic reaction in immobilized glucose 
oxidase. 

5 A main problem with glucose sensors is that the signal values do not only depend on the glucose 
concentration but. inter alia, and in particular, also on the partial pressure of oxygen in the examined 
medium. For eliminating this p0 2 dependence, it has already been known to regenerate the consumption of 
oxygen electrolytically from the water contained in the enzyme layer surrounding the working electrode. To 
this end, a glucose diffusion controlled by using immobilizing media is applied with the use of a glucose 

10 electrode which is in reactive contact with an oxygen-generating galvanic oxygen electrode {cf. S.O. Enfors. 
Oxygen-stabilized enzyme electrode for D-glucose analysis in fermentation broths. Enzyme Microbiological 
Technology. January 1981. Vol. 3. pages 29 to 32). In doing so. the oxygen consumption of the enzyme 
electrode can be compensated for by the said combination of an electrolytic (enzyme) electrode with a pO? 
electrode as a reference for the oxygen stabilization of the enzyme electrode. The principle applied in this 

is connection is as follows: When glucose diffuses into an immobilized enzyme layer in the anode area 
(working electrode) a local reduction of the dissolved oxygen (p0 2 ) is sensed by Ihe built in oxygen 
electrode and a compensating electrolytic regeneration of oxygen is caused by a feedback-loop-type 
electronic monitoring circuit. The electrolytic current required therefor is used as the output signal in the 
glucose electrode and is proportional to the glucose concentration. In the case of this type of combination 

20 sensors, therefore the consumption of oxygen is determined as a measure of the glucose concentration in 
an examined sample. 

The known Enfors combination electrode is however not suitable for in vivo measurements due to its 
size and the considerable technical expenditure alone. In this connection, it is also disadvantageous, above 
all. that a controlled (regenerated) stability of the surrounding oxygen partial pressure (PO2) is a prerequisite 

25 for the signal current which is to be proportional to the glucose concentration. Therefore, the use under 
varying P0 2 as is to be considered in the case of in vivo measurements is out of the question. 

A technically simpler method is the use of a non-oxygen-dependent glucose electrode with ferrocene 
being employed as electron acceptor in glucose oxidase (cf. Steven L. et al.. Development of an on-line 
glucose sensor for lermentation monitoring. Biosensors. Vol. 3(1), 1987, pages 45 to 56). Ferrocene 

30 however suffers from the drawback that it is reported to be toxic by some authors, or at least its behavior in 
the human bloodstream and reactions on organs is unknown, and therefore does not come into consider- 
ation for numerous applications and for the time being, in particular in the field of medicine. 

Generally, it is true for glucose sensors of the said type that the response time is determined by the 
diffusion time the glucose contained in the fluid to be measured (lor instance, blood) requires to reach the 

35 working electrode. The diffusion/response time - especially when one thinks of in vivo sensors - must be 
lower than the physiological response time and must be in a certain relation to the rate of glucose 
metabolism change. 

The reactions occurring at the working electrode of a glucose sensor are known. When the glucose 
which diffuses in from the glucose-containing medium reaches the working electrode area, the following 
to reactions take place catalyzed by the immobilized glucose oxidase (G.O.D): 



1/2 0 2 + glucose + H 2 0 G -°- D - ? 6-gluconolactone • ^ 2 °2' 



The hydrogen superoxide (H 2 O z ) is oxidized at the working electrode: 
H 2 0 2 - 2H* + 0 2 + 2e. 

The current measured is proportional to the glucose concentration. For the reasons stated above, the 
M reactions which take place should not be limited by the glucose oxidase activity and the partial pressure of 
oxygen. This can be achieved, on the one hand, by immobilizing an ex cess glucose oxidase in the working 
electrode area. On the other hand, the oxygen partial pressure depends, of course, on the available amount 
of oxygen. When one thinks of an in vivo measurement with the use of very small sensors, in particular 
under anaerobic conditions, one must start out from the fact that the oxygen partial pressure to be expected 
is too low. At Ihe moment, i.e. until better scientific results are available, the use of ferrocene is ruled out for 
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SoTu^y^lSd abOVe beCaUS6 ,eaka " ^ bre3k °' e,eclrochemical ™ a! *""9 cells can never be 
Therefore, the object underlying the invention is to provide a process and a small-size glucose sensor 
for solving the above-shown problem of the compensating oxygen regeneration In the area of the layer 
s surrounding a working electrode and containing glucose oxidase 

mo ,h^™H° n TT" 9 t0 ^ inV6nti ° n ' S d9SCribed in Patent C,a,m 1 in ° f *e measuring 

method according to the invention. with advantageous supplementations being defined In dependent patent 

,o the tSZneZa^T t0 ' he inven,i ° n far carryin9 ° ut me process accordi ^ 10 the •» 

vo.tan^Th^Tl!'" 9 10 ' h9 ' nvenUon P rovides *e sensor be operated with a pulsed alternating 
voltage sw,tchable between a h>gher operating voltage level, preferably somewhat above 1.0 V at which 
excess oxygen is released at the working electrode into the surrounding glucose oxidase by way of 
electrochemical setting of water, and a low operating voltage leve.. preferabty below 1.0 V. at which only 
Ok*-- reaction in glucose oxidase takes place to form hydrogen superoxide, which Sdfces 
at the working electrode and the current flowing thereby is determined as the va.ue sensed during the 
phase of low operating voltage level and is evaluated as a measure of glucose concentration 

In the case of the procedure according to the Invention, the oxygen required for the biochemical 
» Z 'To '"foTir, ?h 6le h Ctr0de ,r a " re9enerat Gd '—-"v. '°»<-ed by oxidation measurement £ 
»» Phase of low voltage level, a signal can be sampled at the working electrode, this 
signal be.ng proportional to the g,ucose concentration, and in the case of the proper control of 1 time 
STJE^Sc^ °' ^ ^ V0 " a9e *"* * *• -V9en partfa, pressure 

3S rnnr^r^' 0 ^ 6 ^ ? ?° X ° meaSUfed ,or ,he ^termination of the glucose 

SvaSon il.f b Y CC ° mp ; shed b * m9ans °' a threshold-triggered samp.e-and-ho.d circuit. The 

Z££?h A ^ . y m ° anS °' 3 Simp ' e com P ariso " P^ramme. The glucose values are 
indicated by a digital display or a printer. 

imJ^HTT aSPeCt '° r ° arryin9 0U, ,he inv6nti0n su <* ess,u "y is the proper amount of excess 
W dTrS tT " hydr09e ' ^ SU ™" di "g th e irking e.ectrodo. the lowest layer 

T C °" S,SUng 01 ' he re,erenCe e,BC »ode(s> and me working electrode on a passivation 

' . crlvrr: c,or subs,ra,e - The " dopin9 " ° f *» ***** « p^— • - £ Lis 

desc Sd ^ WS d/Tph 3CC0mplished P referab, y a* a PhotCithographic process as for examp.e 
J To ? a nH " !, , ' Photores,s, - Mate ' ia| s Processes. McGraw-Hill Book Co.. New York, pages 

« on .hi n ^ ^ ^ rS,erenC9 l ° thB PreSen ' aPP " Ca,i0n in EP 88 116 78 9- 4 - numerous teL 

«L1 ^ , ; J eXP ° S,n9 immobili2ed G0D - 50 a 9'^ose solution of defined concentration, the 
enzyme activ.ty of this immobilized glu cose oxidase hydrogel layer, and on the other hand, the diffusion 
coefficient of glucose ,n the hydrogel. were measured firs, in a two-corn parents cuvette and then in L 
at the sensor. The immobilization of G.O.D. in hydrogel by a photolithographic process is likewise described 
in the above-referenced EPC application EP 88 1 16 789.4 as well as suitable hydrogels 

o Glucose concentration is determined by spectrophotometry at a sample 

The chemical formula of G.O.D. is not known, but it can be described as a glycoprotein havino a 

£TJT T °' f aPPr ° X,mate,y 15a °°° 10 ,8a00 °- " C ° nt3inS 2 ™ ,es * «avin^Une"Sde 
(F.A.D.). per mole of enzyme and 1 1 to 16% carbohydrates 

■ m^rr d f 9 , n K n9 SenS ° r - WhiCh fS in,e " ded Preferab,y 10 be suitab,e als ° in vivo (in Ossue) 
' ? : "7 ^ ,0CUSS8d ° n 3 Smal, - SiZe OX ™ e " sensor constructed on the basis of a 

sem.conductor chip. A polarographic-amperometrlc sensor of this type which is preferably operated 
potentjostatically as a three-etectrode sensor is described in European Paten, Application Epti 1 * 

sTaL e se er s r e e n s r ^ "^'T* °' W " ^ " ^ °' ° M S «* *» thfins - us 

as a glucose sensor. The results achieved to date are very promising 

' the n^T^LT^ZTZ C ° nS,rUCt9d aCCordi "9 '° <"* P^nar semiconductor hybrid technique, 
me glucose pentratmg through defined areas at the sensor Is forced to reach the working electrode in lateral 

oivcTn n7n' 0n - tT" 9r3dient W * B ** Bd to ^ ra,e of 

glycogen in an immobilized enzyme layer on the surface of the working electrode 

For the provided in vivo use of the sensor, it is important, on the one hand, that thrombolytic reactions 

be prevented in the area of the measuring surface of the sensor, and on the other hand a sutcL^P d 

diffusion of the glucose from the measuring surface into the working electrode a ea surrZded bv 

immobilized glucose oxidase in hydroge. be achieved, however in such a laT^Tan Z^Jl 

constant oxygen partial pressure in the hydroge. layer can be obtained. In this respect, . must Te noted 
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a^cC ^ 0Xy " n tmM . ^ h '" 9her ^ »*— i 0 V) does no, diffuse 

cor^r?:r:^srr:- inve r- * ese — - 

5 electrode applied according ,o the p Jar tech Jque L ^Lf J"* 0 * ^ 11,6 WOrkin9 
electrode and the reference electrode respecS' 9 hv^n T d,reC " y Up ° n 016 """"B 

a, leas, in the working electrode ?7 " ""f* "** " n *" d "*■*■ °' 

the case of pulsewise excitation J™71Z^ 9 ° X ' daSe - 35 has alread y mentioned. In 
of oxygen at'the .IZ ^oS lTtoZTc, ZS ?? T *°*>«oa 

io operating voltage level (A): 9 * C *° nS ,ake P ' aC9 ,he excitation P"*» at the higher 

At A: k (HfO - 2H* + VZ 0 2 + 2e) 

nonna. oxidizing reaction for hydrogen superoxide takes place: 

«*■, hep,,,** po^««. .nil: TZ^ZZS, C ° a9U ' a,i0 "' »«■ °< 

88 116 789.4 already mutlonM Rel.r.ncLTmM^ f„ » '" EP 

- tzri « - »^:: gaa gr pa '™' app,icato - ,n - 

membrane mixed with heparin via the window -in LT? J \. porformed ^^"9" the hydrogel 

"veemood^ *** - a--**— way of 

30 .eve-s SVe — — — between two 

Z —*» *«» —on: 

diffusion into the working electrode area of the sensor ° PTOC9SSeS °' 9 ' UC ° Se 3nd °*™ en 

" by •J^JS^iSST 1 emb0dimen, ° f 3 -"' n Whfch ^ G O a «■ 

based « .\2E^5ST ,9ed °" 3 9 ' UC0Se S6nS0r W,,h f6a,UreS — *» ™° — 

- ,0P *" °" - structure of a glucose 

P» H ?hn WS 3 b '?, Ck d,a9ram ° f a " exci,ation ^ measurement circuit and 

^tscs: ,or an exd,ation and mon,w9 * »— *■ - *«- 

« -QnSXi2^ , ; *" Pr0CeSS aCC ° rdi " 9 * ^ " ^ -ans of the two 

HaofistSa^ elects during the option of 

directty influenced by the pO, as lono as the ^ " 2H + ° 2 + 2e reacU °" * "ot 

reacton. this P*JL.£%£T!^ XleV'Se^ "ST l ° "» 

so hydrogel layer mixed with glucose oxidase Id suZ ^ T *T the "** °' * e 

constant. Since, in me tissue to ^ea^t^l^?? 9 e ' eCtr0de * » im ately 

step measuring method is applied Tcc?^ SreTSlE? * ,0 ° ,0W - 3 two " 

back and forth between differed va'ues In a hthl, T ^ po ' arizatio " vo ' ta 9« '3 switched 

denoted by A in Fig 1 on Je one teS I V °" a9e phaSe ( som ewha, above 1.0 V) 

55 reaction of glucose oxidase On Z other haTd Z WaCt '°" ^ ^ ^ H >°* obtained in *e 
surrounding the working e\e^ T ^ 

current results from and is proportional Ic TZ ZS JS T W ° rk ' n9 e ' eC,r ° de inCreases - which 
trochernica. oxidation of H 2 O j: se^r d aq am kSZVlE?" ^ ** simul,ane °° s elec- 
ee .ower d.agram ,n Rg. 1. The free oxygen released to the hydrogel layer 



4 



EP 0 396 788 A1 



L «L ,k ° nS K U ?, enzymatic reaction which ,akos P'ace continuously and a part of this oxygen 

lta Qas S ,H r" 0 ^ 9 ^ 0 "* phySi0, °9 icaJ medium < bto °<». if P0 2 in that medium is low L 
voyages dunng the time periods A are to be selected above 900 mV and preferably a few hundred mV 
above 1 V at which water decomposes. The upper limit of this voltage may be defined by the quantity of 
™^" n T^ e' 9h VO ' ,a9e maV dama9 ° 0,9 ,ri P' e - ,a y^ Polymer concept described below in 

, 9 « 1 ° ^ • S0 ' * V0 " a9e l6V9,S We " 3b0Ve 1 V - me 9enerated "V* 0 ^" ™* cause 
counSectL P e 9 ""^ *" * ™ ° UtSid8 m9,aI C3 * e S9rvin 9 as 3 

,n the P" 386 8 of switching over to the lower polarization voltage level (below 900 mV or 1.0 V), only a 

leTebVl M y tak6S PlaC8 ' WhiCh reSU,,S " ^conolactone and H 2 0 2 being fo^ed 

whereby the Had .s aga>n oxrctaed at the working electrode. At this lower operating voftage level the 
ZSLTh"" 1 COrreSP ° nd r ,0 lha conversion * turned and the current which flows in this 

operation phase corresponds to the glucose concentration. As is shown in the lower diagram in Rq 1 
momentary values of the current amplitude which is proportional to the glucose concentration can' be 
T5 sampled by time-correct sensing. 

As to the duty cycles for switching A-B-A ... tests show that the lower limit will be a few seconds but 
™T« Pen0 f S 1 ,n ra " 9e °' °" 8 minUte ° r m0re 3,6 possible ^Pending on the physiological 
. kT.?5 '"cose concentration changes that may take several minutes. The sampling periods 
marked by hatched time slots in the lower diagram of Fig. 1 should be selected such that the capachv 
so .nfluence ,n partacular caused by building up and reducing of ionic double layers has faded out 

Tests show that measurement of glucose with the principle according to the invention is possible under 
anaerobe cond.t.ons if. for example, oxygen is generated at the working electrode by pulsing (time periods 
A) dunng ,00 s at voltages between t.O to 1.5 V. A s.abiiizing current was observed die to ifZSZS 
H 2 0 2 only atterswitching to an excitation of 0.7 V (time periods B). Under the test conditions, during which 

Sj^tSS!! H?H C T ed ^ 3 G -°- D - a ' bUmen ' ayer «uld ^ established 

between the current and the glucose concentration up to 80 mg/dl. 

Th J'JS 0 ,?'* ^ empbasi2ed lhat *° aldose reaction will take place during phases A and B continuously 
1 Tr , ° n *" e(eCtroch&mica ' ™<*°»- but on the excess amounts of 0 2 . GOD 

activity and the l.miting d.ffusion flux. The schematic sequence of the reactions can also be written 
'o Eo, + glucose- E r «, + gluconolactone 

E,*. + O, - E 0X 'H 2 0 2 - E„ x + H 2 0 2 . The H 2 0 2 will react electrochemically as mentioned above 

rta 1 repreS8 , n,S 3 dia 9 ram of ,h9 struclura ' design of a glucose sensor based on a p0 2 sensor as is 

Z TlaS'l." 35 3 three - e ' eC,r0de sensor in ,ne above-mentioned European Patent Application EP 

5 eU^rtoYZ^ T T™r eteC,r0d9 ' ayerS 7 - Preferably mad9 °' A9/A 9 CI - aS we » as 3 w °*ing 
lave s n an Jl T?n Trl ?°" S r iC0,ldUC,0r SUbSUa,e passiv3,ed on «» surface (cf. passivation 
Scfrode /fcroJL h \ , ? Ctr0d9 ' ayer C ° mP0S9d °' ,h9 WOrki " 9 el9C,rode 5 and "» reference 

n J r ^!l T K ! 9 ° X ' daSe - 3S '" US,rated in F ' 9 - 2 by re,erence numeral «■ The nydrogel layer 3 4 
LTd Tr-n I" n byd "' Ph0b,C membr3n9 2 sR 9 h,, y P e — b,e «* ^y9en. but impermeable for glucose To 
aS eve ,h , ! S 3 " 988 ° f m9 S8nsitivi,y 0< the *«>*»- » already known from US-PS 4 492 622 to 
^Z1T C aCt,Va,l '° n °' hydr ° Phi,iC POlym9r ,3yer ( hydr °9 e| ) 3 ' 4 vi3 h °»^ 6. for instance in 
the area of the reference electrodes. This principle is applied here too 

• hv^nJUT h ° ,6 K 6 ' a ' S ° ,he diffUSi ° n °' 9 ' UCOSe in, ° *•* hydTO 9 el ,a y er is controlled. The layer of the 

' cro S^r^Z, 13 C r r9d ^ 3 ,UrUl8r m8mbran9 1 C ° n,ainin9 heparin j — 2ed ^ 
crosshnked by photo-actve react ,on to such an extent that macro-biological molecules like proteins cannot 

2 Tav bethl 3 f e r Per T b,e m6mbran9 - Th9 Ch9mical imposition of the hydrophobic membrane 
i may be photo-crosshnked cyclo-cis-polyisoprene. 

, in^n™ hi I'""? 316 C ° UrS9 °' me diffusi0n 3nd °' ,he reaction - From toe surrounding medium for 
. instance blood the glucose content of which Is to be continuously determined, on the one hand ox^en 
d ffuses d,rectly through the membrane layes 1 and 2 into the hydrogel layer 3. 4. On L o^rTnd 

Scose and H O TZ'TTJ" 1™* ^ 4 ^e-mertoned conversion reactions for 

muSTp ^ reSpec,,v f ,y - take P ,ace 31 too working electrode (W.E.). The glucose diffusion is. and 
must be. Iim ted; however, inter alia, by selecting the size of the window( 5 ) 6. the degree of crosslinkinq of 
the hydrogels 1 and 3 and sizes of these hydroge.s in respect of ..he flow path covered by the contSus 
Row.no glucose to the working electrode 5. .n Fig. 4. the hydrogel layer 3 extends also above "hXdZ' 
layer 4 around the working electrode 5 lor limiting the llux rate. By these measures glucose dCtaSE 
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S^!^J r L S 0 U " h h a r y ,K that ,, Under C ° nS,ant 0Xy9en Paftial pr8SSUre dun "9 ,he curing phase the 
response t.me is shorter than the glucose metabolism rate in the examined medium . 

m ^r ir relV °f T^'" R9S - 3 " ,d 4 by referenCe nUmeral 18 ' ,he chi P body ^ surrounded by a 
metall.zed layer made, for .nstance. of aluminum, stainless steel or conductive plastic. This conductive outer 

s coating forms a counterelectrode so tha, the sensor can be operated potentiosmtical.y » .T^SSSS 
sensor, as ,s descr.bed in European Patent Application EP 88 112 641.1 already mentioned lnre ^ e ' eCtr0de 
ih.^H 9 reaUy . en,a, ;9 ed l °P view in R 9- < the scale of enlargement of which can be seen from the 
mserted dimens.ons. .Ilustrates an actual tested embodiment of a semiconductor sensor chip with felres 
accordmg to the .nvention. The centrally arranged working electrode 5 is connected via a connection pad 

io 4 A temperature-sens.ng element 8. which is represented in Rg. 2 only by way of a symbol if.oca.e2 
{C 2L% T °' 6Xample) me semiconductor substrate body 10 beneath a portion oT me reference 
elecfrode 7 and is contacted via the connection pads 15. 16. The temperature-sensing £nLxl,l1eauZ 
for the reference-correct evaluation of themeasuring signals, but is of no significance in connection T he 

- s TSZJtST™" s T* e 10 and the coaUn9 surroundln9 *• outer SUrface °< ™2Z1 

>S 8. respectively. ,s connected via a connection bond pad 13. which can be used to influence the ootential 
•eve, of the silicon substrate in respect to temperature, but is of no significance 
glucose sensor .tse.f. Last, the AgvAgC. reference electrode 7 consisting of two portions is contacted via a 
SZ?E£? ^ °' a " Ulree B,BC,r0de POrti ° nS by ^ hydr ° ph0bic -embraneTi^ 

20 r^V^ r , epresentaUon of R 9- 6 i,lus,rates '"^er details of the electrode portions of the sensor 
ch.p. The temperature-sensing element 8 is divided in the known manner into two portions this bZ 
however, not of interest in connection with the invention since this is also known otheLse The hydrooei 
layer 3 covers the electrodes 5. 7 in the configuration as can be seen from Rg. 6; in the area'of^e woZo 

• aSdtolv toVet 9 °' *? hyd r e ' ,3yer WiUl imm0bi " 2ed 9 ' UCOSe ^ * 0"'«ni Grapple 

The^'r,* 9 ^ ,° f ?' 7 dePiC ' S PrinCipa ' m0du ' S ° r partS of a exci,ation and measuring circuit. 
The glucose sensor only shown as a block 19 is a three electrode sensor operated potentiostaticallv in I 
0 oTraLT"^ ab ° Ve - referenCed *"W **>"« Application E P 88 1 12641.1. S^S^^tf 
potentials m time sequence as described above in connection with Rg. 1. The varying measuring current a. 

a Llt^r, 0d fo'r dS ,0 3 V ° ,,a " dr ° P 3Cr ° SS 3 resis,or 22 and -oltag^vale uTZsZd to 
a sample-hold arcuit 23 controlled in a manner as described in connection with The lower diagram of Rg ? 
to supply dunng the samphng time slots a voltage U c that is proportional to the glucose Contents This 

5 " di9i,i26d ^ Pr0C9SS9d * 3 ~ — P- - 

andT^Icnb^ 

Recent saentific publications give some evidence that control! of the oxygen content may be valuable 
> '" 'aspect to glucose concentration over 3.0 mM of glucose. It seems thaTthJTn c ation rTTtol 

J^^ 7Trr de COmP,eX inCre3SeS WUh me ° Xy9en ^entration significantly (see Tse Gough 
Time-Dependent InacUvation of Immobilized Glucose Oxidase and Catalase Biotechno oov 2Z 

Sc7o?er V ,° L ^ T ?05 - 7t3 {1987)) " ™ S ' eadS l ° th9 3SSUmpli °" "a! U 2s be ^ vaLb^e o" 
me IT* »r ° Pera m ° de Wh ' Ch ,he OXV9en C3n b9 m0ni,ored such * a « via a closed (oop contrS 
' tH? 1 Th 6 " '° r ^ enz y m ^ ,ucose ™«™ can be controlled within nanow Lits 

conrJ t , h d ' a9rarn ^ me re ' a,ed ,ifne COrfela,ed opera,ion dia 9rams show such ^a modified 

aagrarn ol Rg. a. The town disgtam ,n H 9 . s depicts the sample and hold values |„ ,he otocose 

=rrjsssr me " ,3en — * n ^ ,o " n «- - u »* 

A further improvement of the inventive concept may be achieved by providing an extra electrode 24 
close to the working e.eclrode which is shown in Rg. 3 in phantom lines. At this'extra Strode S the 
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oxygen can be generated continuously while at the working electrode 5 the glucose can be monitored 
continuously, or alternatively, the glucose and oxygen can be monitored sequentially. 

Summarizing the above, the invention provides for a process and a small sized glucose sensor for 
glucose measurement with pulse generated oxygen at the working electrode under anaerobic conditions. 
5 Diminlsn.ng oxygen diffusion can be achieved by a second membrane which extends the linear relation 
range between measurement current and glucose concentration. 



1. A process for measuring the glucose content of glucose-containing liquid media, in particular for the 
in vivo measurement of blood under anaerobic conditions, based on the principle of a catalytic reaction in 
immobilized glucose oxidase In the area of the working electrode (5) of an electrochemical sensor 
characterized In that said sensor is operated with a pulsed alternating voltage switchable between a 

s higher operating voltage level (A), at which excess oxygen is released at the working electrode (5) and into 
the surrounding glucose oxidase (4) by way of electrochemical splitting of water, and a lower operating 
voltage level (B). at which only the catalytic glucose reaction in glucose oxidase takes place to form 
hydrogen superoxide (H 2 0 2 ). which oxidizes at said working electrode (5). and the current flowing thereby 
Is determined as the value sensed in the phase of low operating voltage level (B) and is evaluated as a 

0 measure of glucose concentration. 

2. The process as claimed in claim 1. characterized in that said sensor is operated with a three level 
time sequentially pulsed alternating voltage of which a third operating voltage level (C) is lower than said 
second lower voltage level (B). and in that the oxygen content released at said working electrode (5) into 
the surrounding glucose oxidase (4) is controlled and monitored during the lime periods of said third 

5 operating voltage level (C). 

3. The process as claimed in claim 1 or 2. characterized in that the glucose oxidase surrounding said 
working electrode (5) is Immobilized by being deposited in a polymer or hydrogel layer (3. 4) sensitive to 
light and the degree of immobilization is adjusted by exposure to light, said exposure being controlled in 
respect of lime and intensity. 

1 4. The process as claimed in claim 3. characterized by the use of a glucose sensor designed 
according to the semiconductor planar thin-film technique with a tri-layer pofymer coating covering said 
working electrode (5) and a reference electrode (7). wherein the first layer directly covering said electrodes 
(5.7) consists of a polymer or hydrogel into which the immobilized glucose oxidase is introduced at least in 
an area (4) surrounding said working electrode (5). the second layer is formed by a hydrophobic membrane 
(2). and the th.rd. outer layer (t) is formed by a semipermeable hydrogen foil containing deposited therein 
immobilized heparin. 

5. The process as claimed in claim 4. characterized in that for the controlled regulation of the 
diffusion of glucose from the liquid medium (blood) into said hydrogel layer (4) mixed with glucose oxidase 
at said working electrode (5) in the area of said reference electrode (7) the other controlled hydrogel layers 
(1. 3) are photo-crosslinked to a controlled extent, and a controlled size window (6) is provided in said 
hydrophobic membrane (2). 

6. The process as claimed according to any one of the preceding claims, characterized In that said 
g ucose sensor « designed as a three-electrode sensor and operated potentiostatically. wherein the third 
electrode used as a counterelectrode is formed by an outer conductive coating (18) surrounding at least 
partially the semiconductor base (10). 

7. The process as claimed in any one of the preceding claims, characterized In that said higher 
operating voltage level (A) is above 1.0 V. preferably in the range from 1.0 to 2.0 V. and for said low 
operating voltage level (B). a value below 1.0 V. preferably in the range Irom 0.3 to 0.9 V. is chosen 

8 A glucose sensor for carrying out the process as claimed in at least one of the preceding claims 
formed by a planar semiconductor substrate (10) in the form of a chip, which concurrently serves as a 
connection to said outer counterelectrode (i8) and as a shielding and which includes above a surface 
passivation (11. 12) a conductive reference electrode layer (7) and a working electrode (5). characterized 



- said reference electrode (7) and said working electrode (5) are covered by a first polymer or hydrogel 
55 layer (3) containing deposited therein at least in the area of said working electrode (5) immobilized glucose 

oxidase. 3 

- said first layer (3. 4) is covered by a hydrophobic membrane (2) only slightly permeable for oxygen, and 
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- a semipermeable hydrogel membrane (1) permeable for glucose and oxygen, but impermeable for 
proteins, and mixed with immobilized heparin is applied above said hydrophobic membrane (2). 

9. The glucose sensor as claimed in claim 8. characterized in that said hydrophobic membrane (2) is 
impermeable for glucose, but has at least one window (6) in the area of said reference electrode (7) for the 

s electrolytic activation and the selective diffusion of glucose into said first hydrogel layer (3) and into said 
hydrogel layer (4) covering said working electrode (5) and mixed with glucose oxidase. 

10. The glucose sensor as claimed in claim 9, characterized in that an auxiliary electrode (24) is 
provided in close proximity of said working electrode (5) for the purpose of continuous oxygen supply into 
said glucose oxidase containing layer around said working electrode (5). 
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